Abstract Seed storage oils are essential resources for not only human and animal diets but also industrial applications. The primary goal of this study was to increase seed oil content through comparative analysis of two seed-specific promoters, AtFAE1 from Arabidopsis Fatty Acid Elongase 1 gene and BnNapin from Brassica napus seed storage protein gene. AtWRI1 and AtDGAT1 genes encoding an AP2-type transcription factor and a Diacylglycerol Acyltransferase 1 enzyme, respectively, were expressed under the control of AtFAE1 and BnNapin promoters in Arabidopsis. The total seed oil content in all transgenic plants was increased by 8-11% compared with wild-type seeds. The increased level of oil content in AtWRI1 and AtDGAT1 transgenic lines under the control of both promoters was similar, although the activity of the BnNapin promoter is much stronger than that of AtFAE1 promoter in the mature stage of developing seeds where storage oil biosynthesis occurs at a maximum rate. This result demonstrates that the AtFAE1 promoter as well as the BnNapin promoter can be used to increase the seed oil content in transgenic plants.
Introduction
Vegetable oil contains large amounts of unsaturated fatty acids, which is widely used in foods and industrial applications, such as cosmetics and lubricants. In addition, vegetable oils from palm, soybean, rapeseed and sunflower have emerged as potential renewable and alternative energy resources and as a solution to address current environmental issues, which are caused by the large-scale consumption of fossil fuels. In order to meet the demand of vegetable oils, development of oilseed plants with an increased seed oil content has been investigated using genetic engineering techniques (Cahoon et al. 2007) .
De novo fatty acid synthesis occurs exclusively in the plastids. Fatty acid synthesis is started with the formation of malonyl-CoA from acetyl-CoA by the acetyl-CoA carboxylase (ACC) enzyme. Palmitoyl-ACP and stearoyl-ACP are produced through the sequential condensation of two-carbon units by the fatty acid synthase complex and is then further desaturated into 16:1-ACP and 18:1-ACP by plastidial desaturases. The synthesized acyl-ACPs are converted to glycerolipids through prokaryotic and eukaryotic pathways. During seed development, a bulk of the synthesized fatty acids is stored in the form of triacylglycerol (TAG) through two majormetabolic pathways: 1) Hydroxyl groups of sn-1 and sn-2 positions of glycerol-3-phosphate are esterified with acyl-CoAs by glycerol-3-phosphate acyltransferase (GPAT) and lysophosphatidic acid acyltransferase (LPAAT), respectively. The synthesized phosphatidic acid (PA) is converted to diacylglycerol (DAG) by removing the phosphate via the phosphatidic acid phosphatase (PAP). DAG is then generated to TAG by the addition of a fatty acid from acyl-CoA via diacylglycerol acyltransferase (DGAT) . 2) Lysophosphatidylcholine is converted into phosphatidylchline (PC) by lysophosphatidylcholine acyltransferase (LPCAT) and an acyl group from PC is transferred to DAG by phospholipid:diacylglycerol acyltransferase (PDAT), resulting in the synthesis of TAG (Chapman and Ohlrogge 2012) .
DGAT is the rate-limiting enzyme during TAG biosynthesis and has been classified into three types; two Endoplasmic Reticulum (ER)-localized forms of DGAT1 (type-1) and DGAT2 (type-2) and a cytosolic form of the DGAT family (type-3) (Saha et al. 2006) . DGAT1 has been characterized from several plant species (Routaboul et al. 1999; Zou et al. 1999; Milcamps et al. 2005) . Seed-specific overexpression of DGAT1 results in an increase in the seed size and oil content (Jako et al. 2001; Taylor et al. 2009 ), but disruption of DGAT1 led to a reduced oil content in seeds (Routaboul et al. 1999; Zou et al. 1999) . When DGAT1 was specifically expressed in transgenic tobacco (Nicotiana tabacum) leaves, the amount of TAG in the transgenic leaves was increased by 20-fold compared with the control (Andrianov et al. 2010) . DGAT2 has also been cloned from Arabidopsis (Lardizabal et al. 2001) , castor bean (Kroon et al. 2006) , and tung tree (Shockey et al. 2006) . It has been suggested that ubiquitously expressed tung tree (Vernicia fordii) DGAT1 plays a more general role in TAG metabolism in plant cells, whereas DGAT2 is responsible for the processing and accumulation of unusual fatty acids (Shockey et al. 2006) .
Biosynthesis and accumulation of seed storage compounds have been reported to be controlled by transcription factors such as LEAFY COTYLEDON1 (LEC1), LEC2, WRINKLED1 (WRI1), FUSCA3 (FUS3), and GLABRA2 (GL2) (SantosMendoza et al. 2005; Wang et al. 2007; Mu et al. 2008; Shi et al. 2012) . Among them, WRI1 belongs to the APETALA2/ethylene-responsive element binding protein (AP2/EREBP) family and loss of function mutant, wri1 caused an 80% reduction in the seed oil content when compared with wild-type (Focks and Benning 1998; Cernac and Benning 2004; ). It has been reported that WRI1 regulates not only the supply of sugar precursors for seed oil biosynthesis (Forks and Benning 1998), but also expression of biotin carboxyl carrier protein 2 (BCCP2) and 3-ketoacyl-ACP synthase I (KASI) genes involved in fatty acid biosynthesis in developing seeds Maeo et al. 2009 ). Overexpression of WRI1 has been reported to increase the oil content in the seeds of Arabidopsis and maize (Zea mays) (Cernac and Benning 2004; Shen et al. 2010) .
Several types of promoters have been developed to optimize the expression of genes introduced in transgenic plants. Cauliflower mosaic virus 35S (CaMV35S) and ubiquitin (Ubi) promoters have been used for ubiquitous and strong expression of introduced genes in transgenic plants. However, overexpression of genes encoding transcription factors under the control of the CaMV35S promoter resulted in defects of growth and development (Lotan et al. 1998; Cernac and Benning 2004) . To minimize the negative effect of the CaMV35S promoter on plant growth and development, an inducible promoter system was developed, where expression is induced after treatment with specific chemicals, such as dexamethasone (DEX), ethanol, and estradiol (Zuo et al. 2000; Wang et al. 2007; Andrianov et al. 2010) . Tissue-specific promoters, such as leaf-, phloem-, root-, fruit-, pollen-, flowerand green tissue-specific promoters, have also been used for such purposes (van Tunen et al. 1988; Pear et al. 1989; Yamamoto et al. 1991; Rogers et al. 2001; Husebye et al. 2002; Gowik et al. 2004; Bakhsh et al. 2011) . In particular, several seed-specific promoters, including Napin, USP, FAE1, oleosin, and SeFAD2 have been widely used to modify seed oil composition and content (Josefsson et al. 1987; Rossak et al. 2001; Suh et al. 2002; Schmid et al. 2005; Kim et al. 2006; . In this study, the activities of the two seed-specific promoters, AtFAE1 from Arabidopsis Fatty Acid Elongase 1 gene and the BnNapin from Brassica napus seed storage protein gene, were compared by the expression of AtWRI1 and AtDGAT1 genes under the control of those promoters in Arabidopsis. The relationships between promoter strength and expression timing of the introduced genes were investigated to maximize the seed oil content in the transgenic plants.
Materials and methods

Plant material and growth conditions
Arabidopsis thaliana (ecotype Columbia-0) was cultivated at 23 ± 1℃ under a long day condition (16 h light/8 h dark). Seeds were sowed on the soil after cold treatment in the dark at 4℃ for 3 days. The primary stem of 4-week-plants was cut to produce the bush stems.
Construction for Arabidopsis transformation
For selection of transgenic plant, the pCAMBIA2300 binary vector was modified to contain the phosphinothricin acetyltransferase (PAT) gene which confers resistance to glufosinate as a selectable marker instead of the neomycine phosphotransferase II (NPTII) gene. The seed-specific promoters, FAE1 promoter (935 bp; GenBank accession number, AF355982P) from Arabidopsis thaliana and Napin promoter (1146 bp) from Brassica napus, were cloned into pCAMBIA2300, which harbored the PAT gene. To increase the seed oil, the AtWRI1 coding sequence (CDS; 1298 bp; GenBank accession 
number, AY885245) and AtDGAT1 CDS (1563 bp; GenBank accession number, NM_127503) genes were cloned into modified binary vectors ( Fig. 1 ). AtFAE1 or BnNapin promoters were amplified from genomic DNA of Arabidopsis or rapeseed using the described primers with restriction enzymes, HindIII and XbaI (Table 1 ). The PAT gene was taken from the pCAMBIA3301 vector using the restriction enzyme XhoI. The AtWRI1 and AtDGAT1 genes were amplified from Arabidopsis seed cDNA using the primers described above with restriction enzyme XbaI. All fragments were cloned into pCAMBIA2300 using each restriction enzyme, which were transformed to the Agrobacterium tumefaciens strain GV3101 using the freeze-thaw method (An 1987) .
Arabidopsis transformation
A. tumefaciens harboring the binary vector was cultivated in YEP media containing 50 μg/mL rifampicin and 25 μg/mL kanamycin at 28℃ overnight. Arabidopsis was transformed using a vacuum infiltration method (Bechtold et al., 1993) . The harvested seeds were sown on the soil and 1-week-old seedlings were treated with BASTA (0.3%. v/v; Bayer cropscience, Korea) twice with a 1-week interval.
Extraction of genomic DNA and total RNA and PCR analysis
To confirm successful introduction of genes (AtFAE1P: AtWRI1, BnNapinP:AtWRI1, AtFAE1P:AtDGAT1, BnNapinP: AtDGAT1), genomic DNA was extracted using DNA extraction buffer (200 mM Tris, pH 8.0; 250 mM NaCl; 25 mM EDTA; 0.5% SDS) from individual transgenic plants that were selected using the herbicide. Genomic DNA PCR analysis was carried out using a combination of primers (pAtFAE1_F, pBnNapin_F, AtWRI1_R and AtDGAT1_R) and a premix kit (Genet-Bio Co., Korea). Total RNA was isolated from the developing seeds (3-8 or 11-16 days after flowering, DAF) obtained from 5-week-old plants and inverted to cDNA using reverse transcriptase (Promega). To investigate the expression of the introduced genes, RT-PCR and quantitative real-time PCR were carried out using specific primers, AtWRI1_SF and AtWRI1_SR or AtDGAT1_SF and AtDGAT1_ SR. The eIF4a-1 and PP2A genes were used as internal standards to qualify and quantify the cDNA (Gutierrez et al. 2008) . Quantitative real-time PCR was analyzed using the KAPA SYBR FAST qRT-PCR kit (KAPA biosystem) and a C1000TM thermal cycler (Bio-Rad).
Fatty acid analysis
Gas chromatography (GC) was used for fatty acid analysis as described previously . The dry seeds were transmethylated at 95℃ for 90 min in 1 mL of methanol containing 5% H 2 SO 4 (v/v) after glyceryl triheptadecanoate was added as an internal standard. The fatty acid methyl esters (FAMEs) were then recovered by three sequential extraction steps with 1 mL hexane. The FAMEs were concentrated using N 2 gas and analyzed by gas chromatography on a 30 m × 0.32 mm (inner diameter) DB-23 column (Agilent, USA; GC-2010, Shimadzu, Japan). The fatty acids were identified by comparing the retention times and mass spectra with those of the standards.
Results
Construction of binary vectors
To develop the binary vector constructs for the overexpression of the AtWRI1 and AtDGAT1 genes under the control of AtFAE1 and BnNapin seed-specific promoters, the neomycin phosphotransferase II (NPTII) gene was removed and the PAT gene was inserted into pCAMBIA2300 binary vector as a selectable marker. The generated vector was called pCAMBIA2300-PAT. The AtFAE1 or BnNapin promoters were then cloned in the pCAMBIA2300-PAT containing the AtWRI1 or AtDGAT1 coding sequences. The generated binary vectors were named AtFAE1 P:AtWRI1 for the AtWRI1 gene under the control of the AtFAE1 promoter, BnNapin P:AtWRI1 for the AtWRI1 gene under the control of the BnNapin promoter, AtFAE1 P:AtDGAT1 for the AtDGAT1 gene under the control of the AtFAE1 promoter and BnNapin P:AtDGAT1 for the AtDGAT1 gene under the control of the BnNapin promoter (Fig. 1) .
Generation of transgenic plants overexpressing the AtWRI1 and AtDGAT1 genes under the control of AtFAE1 and BnNapin seed-specific promoters
The generated control construct (pCAMBIA2300-PAT) and 4 binary vector constructs were transformed into Arabidopsis using the vacuum-infiltration method. The harvested transgenic seeds were sowed on the soil and selected by spraying herbicides. To confirm successful introduction of the AtWRI1 or AtDGAT1 genes, genomic DNAs were isolated from the plants that had survived after treatment with herbicides and PCR analysis was carried out using specific primers mentioned above. Finally we obtained 19, 18, 18 and 20 T1 transgenic plants with AtFAE1P:AtWRI1, BnNapinP: AtWRI1, AtFAE1P:AtDGAT1, and BnNapinP:AtDGAT1, respectively (Fig. 2 ). AtFAE1 and BnNapin promoters are known to function during seed development when fatty acid synthesis and seed storage protein synthesis occur (Josefsson et al. 1987; Rossak et al. 2001 ). To examine the expression level of AtWRI1 and AtDGAT1 transcripts under the control of two seed-specific promoters, developing seeds of transgenic T 1 plants were harvested at two different developmental stages; the early stage of developing seeds (3-8 DAF, EDS) and mature stage of developing seeds (11-18 DAF, MDS). Total RNAs were extracted from the harvested developing seeds and subjected to RT-PCR analysis. The expression of AtWRI1 and AtDGAT1 transcripts in most transgenic plants was higher compared with control plants that had been transformed with the pCAMBIA2300-PAT vector (Fig. 3 ) and the levels of AtWRI1 and AtDGAT1 transcripts in transgenic plants were further measured using qRT-PCR analysis in Figure 5 .
Fatty acid analysis in transgenic seeds
To measure the storage oil contents in transgenic seeds expressing the AtWRI1 and AtDGAT1 genes under the control of two seed-specific promoters, total fatty acids were extracted from T 2 dry seeds of transgenic plants and total fatty acid contents were analyzed using gas chromatography (GC). The total amounts of seed oils were increased in almost all transgenic plants when compared with the control plants, which had been transformed via Agrobacterium harboring the pCAMBIA2300-PAT vector without the AtWRI1 or AtDGAT1 genes (Fig. 4) . When control seeds contain 342 μg per seed dry weight, the amount of total fatty acids in the seeds of AtFAE1 P:AtWRI1 and BnNapin P:AtWRI1 transgenic plants ranged from 345 to 400 μg and 352 to 401 μg, respectively (Fig. 4A) , indicating that the total fatty acid content in the seeds of AtFAE1 P:AtWRI1 and BnNapin P:AtWRI1 transgenic plants increased by 8% and 10% when compared with control seeds, respectively (Fig.  4C) . As was observed for the transgenic plants expressing AtWRI1, the seed oil amount in the AtFAE1 P:AtDGAT1 and BnNapin P:AtDGAT1 transgenic seeds ranged from 348 to 404 μg and 358 to 405 μg (Fig. 4B) . The total amount of fatty acids in AtFAE1 P:AtDGAT1 and BnNapin P:AtDGAT1 transgenic seeds was increased by 10% and 11% when compared with the control seeds, respectively (Fig. 4D) . Therefore, we evidenced that the increased level of oil content in AtWRI1 and AtDGAT1 transgenic lines under the control of both promoters was very similar, this result suggests that AtFAE1 promoter as well as BnNapin promoter might be useful for increasing seed oil content.
Comparison between seed oil contents and the levels of the AtWRI1 and AtDGAT1 transcripts
To understand the factors that affect increases in seed oil content of transgenic plants, the levels of the AtWRI1 and AtDGAT1 transcripts were firstly examined at two different The level of endogenous AtWRI1 transcripts in wild type was 2.2-fold higher in MDS than EDS (Fig. 5A) . In EDS of AtFAE1 P:AtWRI1 and BnNapin P:AtWRI1 transgenic plants, the expression of the AtWRI1 transcripts was increased by 3-to 82-fold and by 1.2-to 7.5-fold relative to the endogenous level of the AtWRI1 transcripts in the transgenic control plants, respectively (Fig. 5A ). In contrast, the level of the AtWRI1 transcripts under the control of the BnNapin promoter was approximately 70-fold (in maximum) higher than that under the control of the AtFAE1 promoter in the MDS of transgenic plants, where storage oils had highly accumulated (Fig. 5A) . However, the level of the AtWRI1 transcripts was not directly correlated with the oil content increase in transgenic AtFAE1 P:AtWRI1 and BnNapin P:AtWRI1 seeds (Fig. 5B) .
The similar results, which the activity of the FAE1 promoter was higher than that of the Napin promoter in EDS, but vice versa in MDS, were also observed in transgenic AtFAE1 P:AtDGAT1 and BnNapin P:AtDGAT1 seeds. The level of endogenous AtDGAT1 transcripts in wild type was 8.7-fold higher in MDS than EDS. The expression of the AtDGAT1 transcripts was increased by 3-to 25-fold in EDS of AtFAE1 P:AtDGAT1 transgenic plants and up to 37-fold in MDS of BnNapin P:AtDGAT1 transgenic plants relative to the endogenous level of the AtDGAT1 transcripts in the transgenic control plants (Fig. 5C ). Again, it was observed that the level of the AtDGAT1 transcripts was not correlated with the oil content increase in transgenic Arabidopsis seeds (Fig.  5D ).
Discussion
Advances in recombinant DNA technology and plant transformation systems have been highly beneficial for introducing foreign genes into plants to produce transgenic plants with improved traits. An increase in the seed oil content in transgenic oilseed plants was achieved by overexpression of genes encoding enzymes in the committed steps of seed oil biosynthesis and genes encoding transcription factors that control seed oil biosynthesis and accumulation. One of the best ways to improve the seed oil content is generating transgenic plants that overexpress DGAT1. For examples, the amount of seed oils was increased by 2 to 16% in transgenic Arabidopsis seeds overexpressing AtDGAT1 driven by the Napin promoter (Jako et al. 2001) . DGAT1 isolated from Tropaeolum majus was mutagenized at the serine residue, which is the target site of a putative SnRK1 to increase DGAT1 activity, and over-expression of the S 197 A-mutated TmDGAT1 under the control of Napin promoter resulted in a 20 to 50% increase in oil content on a per Arabidopsis seed basis (Xu et al. 2008) . When AtDGAT1 was overexpressed in B. napus "Quantum" under the control of the Napin promoter, the seed oil content was increased by 2.5 to 7% of the dried mass under both greenhouse and field conditions (Taylor et al. 2009 ). In addition to DGAT1, an increase of 5% was observed by expressing a cytosolic form of acetylCoA carboxylase in chloroplasts of rapeseed (Roesler et al. 1997) . Over-expression of a mutant form of yeast LPAAT resulted in large increases (up to approximately 50%) in the Brassicaceae (Zou et al. 1997) . A seed oil content increase ranging from 10 to 21% was obtained in Arabidopsis by the expression of plastidial GPAT from safflower (Carthamus tinctorius) under the control of CaMV35S promoter (Jain et al. 2000) .
Although overexpression of DGAT1 enhanced the seed oil content in several transgenic plants, some differences were observed. Jako et al. (2001) reported that transgenic Arabidopsis seeds increased both seed weight up to 46% and the seed oil content. A similar result was observed in Arabidopsis seeds overexpressing the mutated TmDGAT1 (Xu et al. 2008) . However, the average seed mass of transgenic B. napus was not significantly altered, although the seed oil content was increased (Taylor et al. 2009 ). In this study, the total seed oil content was increased by approximately 10% in Arabidopsis T 2 seeds overexpressing AtDGAT1 under the control of both Napin and FAE1 promoters (Fig. 4) , but no significant changes were observed in T 2 seed weight (data not shown). And the seed oil content in transgenic AtFAE1 P:AtDGAT1 and BnNapin P:AtDGAT1 seeds was not correlated with the level of the AtDGAT1 transcripts (Fig. 5) , suggesting that the regulation of AtDGAT1 at the post-transcriptional, translational and post-translational levels might be important for increasing seed oil content in transgenic plants.
In addition, LEC1, LEC2 and WRI1 transcription factors have been utilized for the development of transgenic plants with high oil contents. Ectopic expression of Arabidopsis LEC1 and LEC2 leads to the formation of embryo-like structures containing oil in Arabidopsis leaves (Lotan et al. 1998) . Overexpression of ZmLEC1 increases seed oil up to 48%, but obtained undesirable traits such as reduction of seed germination and leaf growth (Shen et al. 2010) . However, overexpression of ZmWRI under the control of the early embryo protein (EAP1) and the oleosin promoter resulted in an increase in the seed oil content by about 35% and 38.6% in transgenic maize plants, respectively, with no alterations in germination, seedling growth, or grain yield (Shen et al. 2006) . Transgenic Arabidopsis seeds overexpressing BnWRI1 under the control of the CaMV35S promoter increased the seed oil content by 10 to 40% and resulted in an increase in seed size and mass (Liu et al. 2010) . In this study, overexpression of AtWRI1 in Arabidopsis T 2 seeds enhanced the seed oil content by 8 to 10% (Fig. 4) and the AtWRI1 transcript level was not directly correlated with the oil content increase in transgenic Arabidopsis seeds (Fig. 5) , which is consistent with previous reports (Jako et al. 2001; Xu et al. 2008) . Xu et al. (2008) showed no direct correlation between the level of TmDGAT1 transcripts and the degree of TmDGAT1 activity. While great correlation between TmDGAT1 activity and oil enhancement was observed. According to the report (Jako et al., 2001) , it was suggested that the direct correlation among the transcript level, AtDGAT1 activity and oil enhancement was not necessary in seed oil metabolism. Although the molecular mechanisms among the level of gene expression, enzyme activity, and seed oil content are still unclear until now, carbon partitioning to supply substrates for storage oil synthesis seems to be very important as evidenced in transgenic studies related with WRI1 genes (Shen et al. 2006; Liu et al. 2010) .
In the development of transgenic oilseed plants with increased oil content, seed-specific promoters are preferred relative to promoter driven constitutive and ubiquitous expression, such as the CaMV35S promoter so as to avoid deleterious effect in other tissues. Until now, napin and oleosin promoters were generally accepted as seed-specific promoters (Jako et al. 2001; Lardizabal et al. 2008; Sharma et al. 2008; Shen et al. 2010; Tan et al. 2011) . When AtDGAT1, Ur (Umbelopsis ramanniana) DGAT2A and BnDGAT1 genes that were under the control of napin promoter were expressed in Arabidopsis, soybean and rapeseed plants, the amount of seed oils increased (Jako et al. 2001; Lardizabal et al. 2008; Sharma et al. 2008) . Expression of ZmWRI1 under the control of the oleosin promoter increased the seed oil content by approximately 40% (Shen et al. 2010 ). In addition to napin and oleosin promoters, co-expression of the castor bean hydroxylase gene RcFAH12 under the control of the phaseolin promoter and RcPDAT1-2 under control of the Arabidopsis FAE1 promoter resulted in the accumulation of hydroxy fatty acids, which constituted 25% of the total fatty acids in the transgenic Arabidopsis seeds . The altered fatty acid composition of the Arabidopsis fad3 mutant was rescued by expression of the perilla linoleic acid desaturase (FAD3) gene under the control of the sesame FAD2 promoter (Kim et al. 2008) . This study provides evidence that the FAE1 promoter can also be used to improve the seed oil content in transgenic plant seeds.
Based on a previous report ), fatty acid biosynthesis for storage oil accumulation began to increase from 7 days after pollination and reached a maximal level at 18 days after pollination. The activity of the FAE1 promoter was found to be higher than that of the napin promoter in EDS of transgenic plants, but the activity of the BnNapin promoter was higher than that of the AtFAE1 promoter in the MDS of transgenic plants. Although the strength of both promoters is significantly different at two different developmental stages of developing transgenic seeds (EDS and MDS), the amount of total fatty acids in seeds of transgenic plants increased to a similar level. This study remains that further understanding for seed oil biosynthesis and accumulation is required at the molecular and biochemical levels.
